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Pulsed Laser Deposition and Phosphate Chemical
Conversion Coatings for Tailoring the Corrosion
Behavior of AZ31 Resorbable Implants Manufactured
via Superplastic Forming

A. CUSANNO, A. RIZZUTI, A. DE BONIS, D. PUPILLO, M. CURCIO, D. SORGENTE,
M. SANTAMARIA, P. MASTRORILLI, and G. PALUMBO

Magnesium (Mg) alloys are promising candidates for biodegradable orthopedic implants,
thanks to their mechanical properties and biocompatibility. Challenges related to the
production of Mg-based prostheses are (i) the choice and the design of flexible manufacturing
processes to produce complex shape components (e.g., reproducing human bones) and (ii) the
possibility of tailoring magnesium degradation rate in body fluids. Among flexible sheet metal
forming processes, superplastic forming (SPF) allows to produce customized and complex parts
characterized by a satisfying shape accuracy and surface quality. However, to be defined as a
viable process for prostheses manufacturing, investigations about the effect of the processing
route on the Mg alloy corrosion behavior as well as viable coatings for tailoring the implant
degradation rate are needed. In the present work, electrochemical tests in simulated body
environment were carried out on AZ31 samples before and after being subjected to the SPF
process. Then, few micrometers thick hydroxyapatite coating obtained by Pulsed Laser
Deposition (PLD) or by a phosphate chemical conversion (PCC) were investigated as possible
solutions for controlling the degradation rate of the formed components. Chemical-physical
characterizations (SEM analysis and Raman spectroscopy) and electrochemical tests (open
circuit potential measurement, electrochemical impedances spectroscopy and polarization
curves) were performed to assess the possible beneficial effect of the applied coating on the
corrosion behavior of the superplastically formed AZ31 Mg components.

Phosphate conversion coatings were effective in enhancing the corrosion resistance of AZ31
samples. This is evidenced by a two-order-of-magnitude increase in the overall impedance at low
frequencies, from approximately 102 XÆcm2 for the untreated surface to 104 XÆcm2 with the
phosphate conversion coating. This significant increase directly indicates a substantial
slowdown in the kinetics of magnesium dissolution and water reduction.
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I. INTRODUCTION

MEDICAL devices play a crucial role in increasing
the quality of human life.[1] Among them, orthopedic
implants are used to replace or repair a part of the body
and can either be of standard size or be customized to
the patient’s anatomy. Patient-specific implants offer
several advantages over conventional implants, includ-
ing improved aesthetics, faster recovery after surgery,
and the absence of psychological discomfort for the
patient.[2] Implants can be permanent, characterized by
long-term stability and excellent mechanical proper-
ties,[3] or temporary.[4] In recent years, biodegradable
metals have attracted considerable interest as temporary
implants, capable of providing mechanical support
during healing and gradually resorbing thereafter.[5]

The latter ones, mainly used in tissue regeneration, do
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not require subsequent removal. The possibility of using
bioabsorbable materials in temporary biomedical
implants allows avoiding subsequent surgical operations
for removing the implant after tissue healing.[6]

One of the promising materials for temporary
biomedical implants is represented by magnesium
(Mg) and its alloys.[7] In fact, magnesium-based mate-
rials are biocompatible and biodegradable and during
their degradation they release magnesium ions which are
tolerable by the human body.[8] Furthermore magne-
sium, compared to other common biocompatible metals,
such as titanium alloys and steel, has physical and
mechanical properties more similar to human bone.[9]

Thanks to its properties, it is currently used for
producing plates for mandibular applications, clips,
nails, screws, rings and cervical spine interbody fusion
cages.[10] However, some issues should be addressed to
obtain a successful temporary Mg-based prosthesis.

From the manufacturing point of view, the structure
of the crystalline lattice in magnesium does not allow to
obtain complex geometries during deformation process-
ing at room temperature, due to the availability of only
three main sliding planes.[11] To overcome this draw-
back, warm plastic deformation techniques at temper-
atures above 200 �C are successfully employed,[12] as the
elevated temperature activates additional sliding planes,
thus enhancing magnesium alloys formability.[13]

Reproducing the bone geometry is challenging due to
unique shapes, curvature planes, and differences in soft
tissue thicknesses of each person.[14] For this reason,
innovative manufacturing processes are needed to pro-
duce customized prostheses made of Mg alloys. Nowa-
days, additive manufacturing (AM) technologies could
represent a valid and interesting route for the produc-
tion of biomedical devices.[15,16] Despite AM has a great
potential in biomedical field, its application to materials
composed of Mg alloys has been restricted, primarily
due to magnesium high reactivity under atmospheric
pressure and at melting point condition.[17] This not
only implies health and safety risks, but also introduces
difficulties regarding oxidation, evaporation, and
manipulation of Mg powders. On the other hand,
flexible sheet metal forming processes represent a viable
manufacturing solution,[18] since working temperatures
are much lower (usually 300 �C to 450 �C) than AM
processes.[19] Among flexible sheet metal forming pro-
cesses, superplastic forming (SPF) process allows to
produce complex parts with near-net shape.[20] SPF is a
hot forming process in which a metal sheet is sealed
around its periphery between a blank holder and a die
having a shaped cavity. The tools and the sheet are
maintained at the superplastic temperature (greater than
the half of the absolute melting temperature of the
material) and gas pressure (regulated so that strain rate
ranges are between 10�4 s�1 and 10�2 s�1) is applied to
make the sheet form into the die cavity.[21] SPF
flexibility is due to the fact that the forming medium is
represented by a gas, which offers a significant advan-
tage by eliminating the cost of a punch, as required in
conventional stamping.[22] This is particularly beneficial
for small batch production, such as that of the person-
alized prosthetic market. However, the adopted

manufacturing process in the production of Mg-based
temporary implants has to be investigated to assess its
potential impact on both the chemical and mechanical
properties of the formed component in human body
fluids.[23] In fact, Mg shows high corrosion rate, strong
hydrogen evolution with consequent alkalinization on
the surface when exposed to biological environ-
ment.[24,25] Moreover, being a hot forming process,
during SPF the grain size of the Mg alloys tends to
increase[26] and, in turn, affect the corrosion behavior[27]

of the alloy in body fluids. Usually, to assess the
biological behavior of an implant, simulated body fluids
are used as electrolyte solutions during corrosion
tests.[28]

The main challenge of Mg-based implants lies in
controlling their degradation rate in physiological envi-
ronments, as excessive corrosion may compromise
implant performance.[29] Various strategies have been
investigated, including alloying, severe plastic deforma-
tion (to refine the microstructure)[30] and advanced
surface modifications such as micro-arc oxidation.[31,32]

Similar approaches have been widely applied to titanium
alloys, where friction stir processing (FSP) and hydrox-
yapatite reinforcement have been shown to enhance
both mechanical and biological responses.[33] More
recently, FSP has also been employed on Mg-rare earth
alloys to tailor microstructure and sacrificial anodic
behavior, highlighting its versatility as a solid-state
technique.[34] For the production of biomedical
implants, magnesium corrosion rate can be modulated
by the application of appropriate surface coatings such
as calcium phosphates (the main inorganic component
of human hard tissue).[35,36] In this view, among calcium
phosphate salts, hydroxyapatite (HA) has been pro-
posed in several studies for bone regeneration applica-
tions.[37] It has been shown that HA presents good
biocompatibility and interesting properties of osteoin-
tegration and osteoconduction.[38] On the other hand,
bioinert metallic or alloy materials have good mechan-
ical properties but poor bioactivity. Since the interaction
of the prosthesis with the biological medium takes place
on the implant surface, its coating with bioactive
ceramic films can promote bone growth, bone fixation,
reduce metallic ions release and implant corrosion.[39]

Careful attention has to be paid to the choice of the
deposition techniques and parameters to ensure chem-
ical and structural stability of the coating. Several
methods have been proposed to prepare bioactive
coatings such as sol-gel, electrophoretic deposition,
plasma spray (PS), radiofrequency assisted magnetron
sputtering (RF-MS), pulsed laser deposition (PLD) and
phosphate conversion coating (PCC).[40,41] PLD tech-
nique is based on the interaction between a high energy
pulsed laser beam and the surface of a solid material.
Using nanosecond laser sources, the absorption of the
laser photon by the solid brings to the solid vaporization
and the ejection of liquid droplets and a highly ionized,
electrically neuter plasma that expands in few microsec-
onds. The laser induced plasma is composed of atoms,
molecules, ions, electrons that reflect the target compo-
sition. When the ejected species arrive onto the sub-
strate, the growth of a thin film takes place.[42] The
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morphology and composition of the deposited film
depend on several parameters such as laser energy and
wavelength, target to substrate distance, deposition
pressure and atmosphere, and substrate temperature.[43]

Usually, coatings deposited by PLD present high
adhesion strength and rough surface. These properties
could be beneficial in improving film bioactivity.[44]

HA can be grown on top of magnesium alloys by
chemical conversion process, i.e., by immersion at the
open circuit potential in an aqueous solution containing
a high concentration of calcium and phosphate ions,
where the precipitation of calcium phosphate is induced
by the local pH change on the surface of the metal due
to onset of its corrosion.[25] This wet process is intrin-
sically less demanding than a high vacuum technique
(like PVD), but during chemical conversion a fine tuning
of composition, thickness and structure of the coating is
more difficult.

While most of the published literature has focused on
improving the corrosion behavior of Mg alloys, very few
studies have examined the performance of coatings
applied after the forming process. However, this aspect
is crucial, since the material may not exhibit the same
behavior once the coating has been deposited following
deformation.

In the present work, the effect of the SPF process on the
corrosion behavior of AZ31 (a commercial magnesium
alloy commonly used for biomedical applications) was
studied. Electrochemical tests in simulated body environ-
mentwere carried out onAZ31 samples before and after the
manufacturing process. Finally, HA coating obtained via
PLD and PCC were examined as potential methods for
tuning the degradation rate of the fabricated components.
Chemical-physical characterizations, including scanning
electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDX) and Raman spectroscopy were
employed to study the effect of PLD and PCC deposition
techniques on surface morphology. Additionally, electro-
chemical tests, such as open circuit potential (OCP),
electrochemical impedance spectroscopy (EIS), and polar-
ization curves were carried out to evaluate the effect of the
surface treatments on the corrosion resistance of AZ31
samples in physiological environments.

II. MATERIALS AND METHODS

A. Material

Sheets of AZ31B-H24 Mg alloy, in the following
indicated for abbreviation as AZ31 alloy, with an initial
thickness of 1.0 mm, were purchased from Magnesium
Elektron. AZ31 chemical composition is reported in
Table I.

B. AZ31 Samples Preparations

1. Specimen fabrication by means of SPF process
To evaluate the effect of SPF process parameters on

the corrosion behavior of the AZ31 alloy, flat samples
extracted from the manufactured parts were needed.
Thus, the geometry was chosen with the criteria of
maximizing the number of flat samples that could be
extracted after the forming process. Therefore, a geom-
etry having a hexagonal flat part was chosen as reported
in Figure 1(a). Figure 1(b) shows the experimental setup
used for its manufacturing, consisting in a properly
equipped hydraulic press. During SPF tests, the unde-
formed sheet was placed between the blank holder and
the die, both made of AISI 310S steel. Then, argon gas
(Purity: 99.990 pct) was inflated and its pressure
modulated by a proportional valve (Joucomatic Sen-
tronic, control range: 0 to 20 bar, maximum flow rate at
6 bar: 700 L/min ANR) controlled by LabVIEW
software, following a specific law [shown in Figure 1(c)]
able to guarantee an almost uniform thickness in the flat
zone of the final component. More details about the
numerical/experimental procedure adopted for obtain-
ing the optimal gas pressure law can be found in
Reference 45. Thanks to the gas pressure, the sheet
expanded in the die cavity, copying its geometry. To
avoid gas leakages, a blank holder force equal to 12 kN
was applied. All the tools were heated (450 �C) using a
solid-state induction heating system Easyheat by
AMBRELL managed with a Proportional–Inte-
gral–Derivative (PID) controller, connected to K-type
wire thermocouples welded on a portion of the die close
to the sheet periphery.
Circular blanks, cut from the as-received AZ31 sheets,

with a diameter equal to 75 mm were superplastically
formed. After the SPF process, circular samples having
a diameter equal to 15 mm were extracted from the
hexagonal flat zone of the formed component (to avoid
sampling from the corner zone, a minimum distance of 2
mm from the edge was maintained). Then, the as-ob-
tained circular samples were used for the PLD coating
and the phosphate chemical conversion coating.

2. HA coating by PLD
HA films were deposited by means of nanosecond

PLD in a stainless steel vacuum chamber, evacuated by
means of a scroll and a turbomolecular pumps to a
pressure of 4Æ10�3 Pa. The chamber was equipped with a
quartz window for the inlet of the laser radiation. For
PLD deposition a Nd:YAG laser source (Handy-YAG-
Quanta System) was used, operating at wavelength of
532 nm, repetition rate of 10 Hz, power of 250 mW and
pulse length of 7 ns. The HA target (Aldrich) was
supported onto a rotating holder in order to minimize

Table I. Chemical Composition Limits [Wt Pct] of the Investigated AZ31

Al Zn Mn Ca Cu Fe Ni Si Others Mg

Min 2.5 0.7 0.20 — — — — — — balance
Max 3.5 1.3 0.40 0.04 0.05 0.005 0.005 0.05 0.30 balance
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the laser craterisation effect and the substrate was kept
in front of the target at a distance of 4.0 cm. A quartz
lens focused the laser beam on the target surface with an
incident angle of 45 deg.

3. Phosphate chemical conversion coating
A hole of 1.0 mm in diameter was drilled near one

edge of each specimen to accommodate a nylon string to
suspend it in phosphating solution during the prepara-
tion process. During the phosphate conversion coating
process, the deformed AZ31 samples were immersed in a
phosphate-containing solution (i.e., Hank’s solution,
HS, whose composition is reported in Reference 46) for
24 h at 37 �C and at open circuit potential. During the
immersion, magnesium oxidation and dissolution
occurred with simultaneous H2 evolution, according to
the following half-cell reactions:

Mg ! Mg2þ þ 2 e� ½1�

2H2O + 2 e� ! H2 þ 2OH� ½2�

The release of OH– ions in a calcium and phosphate
ions containing solution, as that employed for the
chemical conversion, favors the precipitation of
Ca10(PO4)6(OH)2 (HA, KSP = 2.0Æ10�59) according to
the following equations[46]:

10Ca2þ þ 8OH� þ 6HPO2�
4

! Ca10 PO4ð Þ6 OHð Þ2 þ 6H2O ½3�

10Ca2þ þ 6 PO3�
4 þ 2OH� ! Ca10 PO4ð Þ6 OHð Þ2 ½4�

Moreover, due to the rising in Mg2+ ions concentra-
tion because of metal oxidation, precipitation of mag-
nesium phosphate (KSP = 1.0Æ10�25) and magnesium
carbonate (KSP = 3.5Æ10�8) can also occur.

C. Analyses of the AZ31 Samples

Four different conditions were analyzed, namely the
AZ31, AZ31 base material, the AZ31_SPF, AZ31 base
material formed by SPF process without any coating,
the AZ31_SPF_PLD, AZ31 base material, formed by
SPF process and subsequently HA coated by PLD

Fig. 1—(a) Benchmark geometry; (b) Superplastic forming (SPF) experimental setup; (c) Pressure law adopted during the SPF step.
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technique and the AZ31_SPF_PCC, AZ31 base mate-
rial, formed by SPF process and subsequently HA
coated by the PCC coating.

1. Microstructure analyses
An optical microscope (Inverted Microscope Nikon

MA200) was used to examine the microstructure of the
samples extracted from the flat zone of a specimen
processed by the SPF process. The cross-sectional view
was analyzed and compared with the as-received mate-
rial (AZ31). Before analysis, each sample was cut, hot
mounted, ground, polished, and etched by immersion
for 5 seconds in acetic-picral solution (5.0 mL acetic
acid, 6.0 g picric acid, 10 mL water, 100 mL ethanol).
Then, according to the ASTM E112-13 standard, the
Heyn Lineal Intercept procedure was applied to measure
the average size of the grains.[47]

2. SEM analysis
The surface morphology of the circular samples was

investigated by scanning electron microscopy (SEM)
using a FEI Quanta 200 FEG SEM instrument at
different magnifications, combined with an X-ray
energy-dispersive system (EDX).

3. Micro-Raman spectroscopy
Micro-Raman measurements were performed using a

Jobin-Yvon Horiba LabRam apparatus equipped with
edge filter, which excludes Raman shift below 150 cm–1

from detection, a He-Ne laser (k: 632.8 nm) and an
Olympus microscope with 10 9 /50 9 /100 9 objec-
tives. A spectral resolution of about 4 cm�1was obtained
by a holographic grating with 600 lines/mm.

4. Electrochemical corrosion tests
To gain information on the corrosion resistance of the

samples in physiological environment, polarization
curves and electrochemical impedance spectroscopy
(EIS) were performed at 37 �C on AZ31, AZ31_SPF,
AZ31_SPF_PLD and AZ31_SPF_PCC circular sam-
ples having a diameter of 15 mm. Three replicates were
performed for each condition. Kokubo simulated body
fluid (SBF) prepared following the procedure reported
in Reference 48 was used as electrolyte. A conventional
three-electrode electrochemical cell with a platinum wire
as a counter-electrode and Ag/AgCl in 3.0 M KCl (SSC)
as a reference electrode was used. The working elec-
trodes were the samples to be tested with a 1.0 cm2

exposed surface. Before each test, AZ31 and AZ31_SPF
samples were rinsed ultrasonically in acetone. Before
measurements, a stabilization period of 30 minutes was
allowed, which proved to be sufficient to attain a
stable value of open circuit potential (OCP). The
potentiodynamic polarization curves were recorded at
±0.5 V vs OCP, with a 1.67 mVÆs–1 scan rate. The EIS
measurements were carried out in a frequency range
from 100 kHz and 100 mHz with amplitude of 5 mV
peak-to-peak.

III. RESULTS AND DISCUSSION

A. Morphological and Structural Characterization

Microscopic observations were performed to deter-
mine the average grain size of the alloy before and after
the forming process, since according to the findings of
Alvarez-Lopez et al. [27] grain size has an influence on
the corrosion behavior of the alloy.
The microstructure of the undeformed and deformed

materials, as well as the SEM images of the undeformed
and deformed materials are shown in Figure 2. The
undeformed material [Figure 2(a)] was characterized by
a non-homogeneous grain distribution and by an
average grain size of 9 lm. In accordance with litera-
ture,[26] the microstructure of the samples extracted by
the specimen obtained by SPF [Figure 2(b)] was more
homogeneous and characterized by a larger average
grain size (15.4 lm). In fact, the exposure of the AZ31
alloy to 450 �C, without any applied strain, results in an
increase in average grain size due to static grain growth.
Under deformation, the grain size grows even more
rapidly due to dynamic grain growth mechanisms.[26] As
shown by comparing the SEM images before [Fig-
ures 2(c) and (d)] and after [Figures 2(e) and (f)] the SPF
process, this coarsening results in an orange peel effect
on the surface of the formed components [Figures 2(e)
and (f)]. Such surface morphology is a typical charac-
teristic of magnesium alloys after warm and hot forming
processes.[49,50]

Many studies suggest that there seems to be a trend of
increased corrosion resistance with decreasing grain size
in magnesium and its alloys.[51–53] However, the corro-
sion-grain size relationship in magnesium alloys remains
largely unknown, as their corrosion resistance also
depends on texture, alloying element distribution and
the specific processing route.[54] This underlines the
importance of studying the corrosion behavior of AZ31
after the forming process.
Figure 3 shows SEM images and relative EDX

analysis of AZ31_SPF_PLD and AZ31_SPF_PCC,
respectively. It is evident that the AZ31 samples
successfully underwent surface coating after the SPF
process, both in the case of PLD [see Figures 3(a)
through (d)] and PCC [see Figures 3(e) through (h)]
techniques. PLD led to the formation of micrometric
particles composed of calcium and phosphorous [see
EDX analysis in Figure 3(c)] without altering the Mg
alloy structure. The conversion technique led to the
formation of a layer with a mud structure containing
calcium and magnesium-based phosphates [see EDX
analysis in Figure 3(g)].
Micro-Raman spectra registered on AZ31,

AZ31_SPF, AZ31_SPF_PLD and AZ31_SPF_PCC
samples are shown in Figure 4.
Peaks ascribable to hydroxyapatite were detected in

the coated AZ31 samples. Raman spectra of AZ31 and
AZ31_SPF alloys are characterized by a broad band at
low Raman shift, due to the vibrations of Mg–O
bonds.[55] On the other hand, the spectra of coated
samples (AZ31_SPF_PLD and AZ31_SPF_PCC)
showed the characteristic signal of phosphate stretching
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at 960 cm–1. Moreover, for the AZ31_SPF_PCC sam-
ples, the band at 946 cm�1 (assigned to the stretching
vibration of P�O)[56] along with that at 1092 cm�1

(ascribed to the stretching vibration of CO3
2�) indicate

the formation of a layer containing phosphate and
carbonate.

Fig. 2—Microstructure of the Mg AZ31 alloy (a) before and (b) after superplastic forming process; SEM images of the AZ31 (c) and (d)
undeformed and (e) and (f) deformed materials at different magnifications.
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Fig. 3—SEM images of the (a) through (d) AZ31_SPF_PLD (e) through (h) AZ31_SPF_PCC at different magnifications with relative EDX
analysis corresponding to the entire area of images ‘‘(c)’’ and ‘‘(g)’’.
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B. Corrosion Behavior in Physiological Environment

In order to obtain information about the corrosion
resistance of the samples in physiological environment,
polarization curves and electrochemical impedance
spectra (EIS) were recorded at 37 �C in Kokubo’s
simulated body fluids. Polarization curves for the
different specimens are shown in Figure 5(a).

It is evident that superplastic deformation has no
significant effect on the current density vs potential
curves, thus suggesting that the different microstructure
of the alloy does not affect the corrosion resistance of
the AZ31 samples. Moreover, the coating obtained by
PLD does not significantly influence the corrosion
behavior of AZ31, since the polarization curves of
AZ31, AZ31_SPF and AZ31_PLD are almost over-
lapped. The current measured in the cathodic branch of
the polarization curve is due to both oxygen reduction
and hydrogen evolution. Indeed, at so negative potential
both half-cell reactions are thermodynamically possible.
The electrons that drive these reduction processes are
provided by magnesium oxidation. The current density
measured in the anodic branches of both uncoated and
PLD coated alloys is very high, suggesting that, despite
the local alkalinization, the formation of a protective
layer is hindered by the presence of chloride ions and by
the gas evolution. Using Tafel extrapolation it was
possible to estimate the corrosion potential, Ecorr, and
the corrosion current density, icorr, for these alloys.
Notably, the corrosion potential is around –1.45 V vs
SSC and it is almost coincident with the pitting
potential, thus indicating that the alloys are highly
susceptible to localized corrosion. Moreover, the esti-
mated icorr values are very close to each other (around

0.5 mA cm–2), but it is worth mentioning that estimation
of icorr for Mg and Mg alloys suffers from the uncer-
tainty due to the negative difference effect or the
anomalous hydrogen evolution phenomenon.[25]

Conversely, the growth of the coating by phosphate
conversion (responsible for the mud structure contain-
ing calcium and magnesium-based phosphates) induces
a strong reduction in the current density on both the
anodic and cathodic branches of the curve, indicating
that the layer slows down the kinetics of both water/
oxygen reduction (cathodic process) and magnesium
dissolution (anodic process). Indeed, a passivity region
is present in the polarization curve, which is absent in
the other samples investigated. Notably, the polariza-
tion curve for coated alloys was not fitted since this
curve does not fulfill the requirements to allow using
Tafel extrapolation.[57] However, a qualitative inspec-
tion shows that the corrosion potential is not signifi-
cantly affected by the presence of the conversion layer
[see Figure 5(a)], while a strong reduction of the
corrosion current density is evident (by more than two
orders of magnitude). Moreover, a shift of the pitting
potential toward more positive values also occurs,
resulting in a widening of the passivation region.
Therefore, the chemical conversion coating reduces
pitting susceptibility of the alloys. These findings are
in agreement with the information provided by the
electrochemical impedance spectra, reported in Fig-
ure 5(b) in the Nyquist representation, recorded at
corresponding OCP value in Kokubo’s solution.
It is evident that the conversion layer, obtained in the

AZ31_SPF_PCC sample, induces a strong raising in the
overall impedance without any inductive loop. Con-
versely, two semicircles are present in the impedance

Fig. 4—Raman spectra acquired on the AZ31, AZ31_SPF, AZ31_SPF_PLD and AZ31_SPF_PCC samples before corrosion tests.
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Fig. 5—(a) Potentiodynamic polarization curves of the AZ31, AZ31_SPF, AZ31_SPF_PLD and AZ31_SPF_PCC samples (b) Electrochemical
impedance spectra of the AZ31, AZ31_SPF, AZ31_SPF_PLD and AZ31_SPF_PCC samples.

Fig. 6—Equivalent electric circuits used for the fitting of EIS spectra of (a) AZ31, AZ31_SPF, AZ31_SPF_PLD and (b) AZ31_SPF_PCC
samples.

Table II. Fitting Parameters Related to EIS Spectra

AZ31 AZ31_SPF AZ31_SPF_PLD AZ31_SPF_PCC

Rs (XÆcm2) 10 18 12 18
Q1, n (lSÆsn/cm2) 48 0.88 14.3 0.94 17.7 0.91 6 0.71
R1 (XÆcm2) 41 46 54 31
Q2, n (mSÆsn/cm2) 4.7 0.86 3.65 0.78 3.34 0.79 0.028 0.73
R2 (XÆcm2) 30 56 56 13190
L (XÆsÆcm2) 645 437 495 —
R3 (XÆcm2) 54 204 17 —
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Fig. 7—SEM images of the (a) and (b) AZ31_SPF, (c) and (d) AZ31_SPF_PLD and (e) and (f) AZ31_SPF_PCC samples after corrosion tests.
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spectra of the uncoated alloys as well as of the
AZ31_SPF_PLD covered samples with the presence of
inductive loops in the low frequency region, confirming
the corrosion behavior observed in the polarization
curves. The latter phenomenon suggests that a strong
hydrogen evolution occurs during the immersion at the
open circuit potential, which is detrimental in view of
biomedical applications.[25]

Therefore, the EIS spectra were fitted according to the
equivalent circuits reported in Figure 6.

EIS spectra of AZ31, AZ31_SPF, AZ31_SPF_PLD
were fitted according to the equivalent circuit reported
in Figure 6(a), where a parallel between a constant phase
element, Q1, and the series between a resistance, R3, and
an inductance, L, was introduced to account for the
corrosion of Mg alloys with simultaneous hydrogen
evolution. Notably, Q1 accounts for the non-ideal
capacitance of alloy/electrolyte interface. However,
during immersion at the open circuit potential in
Kokubo’s solution a phosphate layer precipitates on
the alloy surfaces inducing the formation of a not
compact passive film, whose presence is modeled by the
series between Q2 and R2 parallel accounting for the
capacitance and resistance of the phosphate layer, and
R1 accounting for the electrolyte resistance in this
porous layer.

EIS spectra ofAZ31_SPF_PCC were fitted according
to the equivalent circuit reported in Figure 6(b). In this
case only two-time constant EEC was used to fits the
spectra.

The fitting parameters are reported in Table II.
As a general comment, the measured impedances for

AZ31, AZ31_SPF, and AZ31_SPF_PLD in Kokubo’s
solution are comparable. Moreover, an increase of more
than two orders of magnitude in terms of measured
impedance was observed for AZ31_SPF_PCC sample,
confirming the protective action of phosphate conver-
sion coating.

Figure 7 shows the SEM images of the investigated
samples after corrosion tests.
Inspection of the deformed AZ31 sample [Figures 7(a)

and (b)] and the AZ31 deformed and subsequently
coated by PLD [Figures 7(c) and (d)] reveals that after
corrosion test their structure changes into a mud
structure that is typical for magnesium corrosion pro-
cesses. For the AZ31 sample coated with phosphate
conversion technique [Figures 7(e) and (f)], the
microstructure remained almost unchanged after corro-
sion test.
Figure 8 shows the comparison of Raman spectra

acquired on the AZ31_SPF_PLD and AZ31_SPF_PCC
samples before and after corrosion tests. The analyses
confirmed the presence of the phosphate layer on the
surface.
The spectra recorded on the coated samples showed

that the characteristic signals of phosphate stretching at
960 cm–1 are retained even after the corrosion process,
although its broadening indicates a greater structural
disorder of hydroxyapatite following corrosion.[58] It is
worth mentioning that the uncoated samples (AZ31 and
AZ31_SPF) exhibited, after corrosion, Raman peaks
around 970 and 1080 cm–1, corresponding to the main
signals of phosphate and carbonate present in the
Kokubo’s solution.[55]

IV. CONCLUSIONS

A study about different methods for tailoring the
corrosion behavior of AZ31 resorbable implants man-
ufactured via superplastic forming (SPF) was per-
formed. The SPF-manufactured samples were
successfully coated with hydroxyapatite by means of
Pulsed Laser Deposition (PLD) and Phosphate Conver-
sion Coating (PCC) techniques, as confirmed by EDS
and Micro-Raman analyses. SEM analyses revealed
different morphological characteristics of the coatings

Fig. 8—Comparison of Raman spectra acquired on (a) AZ31_SPF_PLD and (b) AZ31_SPF_PCC samples before and after corrosion tests.
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produced by the two techniques: the PLD technique led
to the formation of micrometric particles, whereas the
chemical conversion technique led to the formation of a
layer with a mud structure containing calcium and
magnesium-based phosphates. Electrochemical tests
provided information regarding the alloy post-manu-
facturing corrosion behavior. It was observed that the
increase in grain size resulting from the SPF process did
not have a statistically significant impact on the corro-
sion resistance of the AZ31 alloy. Moreover, it was
found that the coating obtained via phosphate conver-
sion effectively slows down the kinetics of magnesium
dissolution and water reduction, leading to a substantial
increase in the overall impedance without any inductive
loop. These findings underline the potential of surface
coatings in tailoring the corrosion behavior of resorb-
able magnesium-based implants characterized by com-
plex shapes achieved by means of the SPF process.
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